Interaction of cell surface glycoproteins with endogenous lectins on the cell surface regulates formation and maintenance of plasma membrane domains, clusters signaling complexes, and controls the residency time of glycoproteins on the plasma membrane. Galectin-9 is a soluble, secreted lectin that binds to glycoprotein receptors to form galectin-glycoprotein lattices on the cell surface. Whereas galectin-9 binding to specific glycoprotein receptors induces death of CD4 Th1 cells, CD4 Th2 cells are resistant to galectin-9 death due to alternative glycosylation. On Th2 cells, galectin-9 binds cell surface protein disulfide isomerase (PDI), increasing retention of PDI on the cell surface and altering the redox status at the plasma membrane. Cell surface PDI regulates integrin function on platelets and also enhances susceptibility of T cells to infection with HIV. We find that galectin-9 binding to PDI on Th2 cells results in increased cell migration through extracellular matrix via β3 integrins, identifying a unique mechanism to regulate T-cell migration. In addition, galectin-9 binding to PDI on T cells potentiates infection with HIV. We identify a mechanism for regulating cell surface redox status via a galectin-glycoprotein lattice, to regulate distinct T-cell functions.
Interaction of cell surface glycoproteins with endogenous lectins on the cell surface regulates formation and maintenance of plasma membrane domains, clusters signaling complexes, and controls the residency time of glycoproteins on the plasma membrane. Galectin-9 is a soluble, secreted lectin that binds to glycoprotein receptors to form galectin-glycoprotein lattices on the cell surface. Whereas galectin-9 binding to specific glycoprotein receptors induces death of CD4 Th1 cells, CD4 Th2 cells are resistant to galectin-9 death due to alternative glycosylation. On Th2 cells, galectin-9 binds cell surface protein disulfide isomerase (PDI), increasing retention of PDI on the cell surface and altering the redox status at the plasma membrane. Cell surface PDI regulates integrin function on platelets and also enhances susceptibility of T cells to infection with HIV. We find that galectin-9 binding to PDI on Th2 cells results in increased cell migration through extracellular matrix via β3 integrins, identifying a unique mechanism to regulate T-cell migration. In addition, galectin-9 binding to PDI on T cells potentiates infection with HIV. We identify a mechanism for regulating cell surface redox status via a galectin-glycoprotein lattice, to regulate distinct T-cell functions.
C ontrol of the cell surface redox environment regulates essential functions by altering disulfide bonds in cell surface proteins (1, 2) . Though disulfide bonds can be essential for protein stability or conformation, disulfide bonds in some cell surface proteins can undergo reversible reduction, so that the presence or absence of disulfide bonds can act as a switch to turn on and off specific protein activities (1, 2) . Though factors that control the cell surface redox environment are not well understood, the thiol content of cell surface proteins is dynamically regulated; for example, activated B and T lymphocytes have increased cell surface thiols compared with resting cells, with the greatest increase seen on CD4 T cells (3) .
Protein disulfide isomerases (PDIs) are a family of soluble oxidoreductases that act in the endoplasmic reticulum to promote disulfide bond formation and efficient folding of nascent proteins (4) . Specific PDIs have also been identified at the surface of lymphocytes, platelets, endothelial cells, hepatocytes, and cancer cells (4) (5) (6) . Cell surface PDI (primarily P4HB) can catalyze reduction of disulfide bonds in cell surface proteins. For example, PDI reduction of disulfide bonds in β-integrins regulates adhesion and migration of platelets and tumor cells (4-7), and PDI has been proposed to alter the conformation of viral fusion proteins and their cell surface receptors to facilitate viral entry into target cells (5, 8, 9) . PDI can directly interact with protein substrates, as PDI associates with β3 integrin on the surface of platelets (7, 10) , and PDI forms a complex with HIV gp120, CD4, and CXCR4 on the surface of T cells (5, 9, (11) (12) (13) . However, it is not known how PDI is retained on the cell surface to dynamically modify thiols in cell surface proteins.
Galectins, a family of mammalian lectins, control numerous biological functions, including cell proliferation and death, adhesion and migration, and interaction of host cells with microbial pathogens, by binding to glycan ligands on specific glycoprotein or glycolipid receptors (14) (15) (16) . Galectin-9, expressed by T cells, eosinophils, endothelial cells, dendritic cells, and macrophages (14, 15) , can kill T cells and thymocytes (17) . Galectin-9 kills CD4 Th1 cells but spares CD4 Th2 cells (18) ; one mechanism for resistance of CD4 Th2 cells to galectin-9 is the abundance of α2,6-linked sialic acids on the surface of Th2 cells, which blocks galectin-9 binding to glycan receptors required for cell death (17) . Th2 cells have also been proposed to be resistant to galectin-9 because these cells lack the cell surface receptor Tim-3 (18); however, as Tim-3 − T cells are susceptible to galectin-9 cell death (17), we identified additional T-cell surface receptors for galectin-9.
We identified PDI as a unique T-cell surface receptor for galectin-9. Galectin-9 binding to murine Th2 cells increased PDI abundance at the cell surface, as well as the abundance of cell surface thiols. This effect enhanced β3 integrin-mediated migration of murine Th2 cells through extracellular matrix; the galectin-9-mediated increase in cell surface PDI also enhanced human T-cell infection by HIV. Many galectins retain cell surface glycoproteins at the plasma membrane via formation of galectinglycoprotein lattices (16, 19, 20) . Our present work demonstrates that galectin-9 can regulate the T-cell surface redox environment, identifies PDI and β3 integrin (CD61) as markers of Th2 cells, and describes unique roles for galectin-9 and PDI in regulating T-cell migration and HIV infection.
Results
Galectin-9 Is a Ligand for T-Cell Surface PDI. We found that galectin-9 triggered death of T cells lacking Tim-3 (17) , implicating additional T-cell glycoprotein receptors for galectin-9. We confirmed that galectin-9 bound to T cells in a lactose inhibitable manner ( Fig. 1A and Fig. S1A ). We isolated galectin-9 binding glycoproteins from Tim-3 − CEM T cells by galectin-9 affinity chomatography of solubilized membranes, eluting bound glycoproteins with lactose (Fig. 1B) . Mass spectrometry of eluted glycoproteins identified nine proteins as galectin-9 receptors; surprisingly, none of these were known galectin receptors, such as CD45 or CD44 (21) (22) (23) . However, three proteins that bound galectin-9 are members of the PDI family: PDI (P4HB), PDIA3 (ERP57, GRP58), and PDIA6 (ERP5).
Because PDI can be found at the plasma membrane, where it regulates cell surface redox status (1, 2, 4), we focused on this receptor. We confirmed that PDI was present in eluate from galectin-9 affinity matrix by immunoblotting (Fig. 1C) . To confirm that PDI is a T-cell surface receptor for galectin-9, we biotinylated the surface of PhaRST6 cells that express α2,6-linked sialic acid on cell surface glycans, and are thus resistant to galectin-9 death (17), before addition of recombinant galectin-9. We immunoprecipitated galectin-9 from cell lysates and detected biotinylated PDI in the precipitate (Fig. 1D) , and confirmed this with Th2 cells (Fig. S1A ). We did not detect biotinylation of intracellular actin in PhaRST6 cells (Fig. S1B ), confirming that labeled PDI was at the cell surface.
We examined cell surface PDI expression on PhaRST6 cells and primary murine CD4 Th1 and Th2 cells. There was significant expression of PDI on PhaRST6 and Th2 cells, but minimal PDI expression on Th1 cells (Fig. 1E ). Th2 cells and PhaRST6 cells also express α2,6-linked sialic acids on cell surface glycans (17, 24) ; this glycan structure is detected by the plant lectin Sambuccus nigra agglutinin (SNA; Fig. 1E ). Thus, Th2 cells can be distinguished from Th1 cells by two features, α2,6-sialylation detected with SNA (24) and cell surface PDI; Th2 cells bear specific glycans that prevent galectin-9-induced death, and express cell surface PDI that can bind galectin-9 in a carbohydratedependent manner.
Galectin-9 Retains Cell Surface PDI. Soluble galectins bind glycoprotein receptors on the cell surface to retain receptors at the plasma membrane (16, 19, 20) . The addition of exogenous recombinant galectin-9 to PhaRST6 cells and to primary murine Th2 cells resulted in increased abundance of PDI, indicating that galectin-9 specifically retained PDI at the T-cell surface (Fig.  1F) ; galectin-1 and galectin-3 addition had no effect on abundance of cell surface PDI (Fig. S1C) . We also detected an increase in cell surface thiols on PhaRST6 and Th2 cells treated with galectin-9 ( Fig. 1G) , demonstrating that increased cell surface PDI resulted in increased thioreductase activity on cell surface substrates. PDI abundance at the cell surface was increased by exogenous galectin-9 in a time-and dose-dependent manner, with increased cell surface PDI detected within 15 min and maximal by 2 h (Fig. S1D) . The increase in cell surface PDI was inhibited by 100 mM lactose, confirming that galectin-9 binding to PDI is carbohydrate dependent (Fig. S1E) . The increase in cell surface PDI after galectin-9 binding was not due to increased synthesis of PDI mRNA (Fig. S1F ), indicating that retention of existing PDI, rather than increased de novo synthesis, was responsible for increased cell surface PDI. Galectin-9 could bind to either N-or O-linked glycans on cell surface glycoproteins; as the amino acid sequence of PDI lacks canonical N-glycosylation sites, we asked if galectin-9 could bind O-glycans on PDI. The galectin-9-mediated PDI increase at the cell surface required O-glycans, as the increase was abolished when cells were treated with benzyl-α-GalNAc to block O-glycan elongation (Fig. 1H) . Moreover, the presence of O-glycans on PDI was determined by lectin precipitation with peanut agglutinin (PNA), which recognizes core 1 O-glycans (Fig. 1I) . Galectin-9 Enhanced T-Cell Migration Is Dependent on PDI Thioreductase Activity. Regulation of exofacial redox status mediates critical cellular events, including leukocyte adhesion and migration (1, 2). As both PhaRST6 T cells and Th2 cells are resistant to galectin-9 death, we asked if galectin-9 could regulate the migration of these cells that express abundant cell surface PDI, using a Matrigel migration assay (25) . The addition of galectin-9 significantly enhanced migration of PhaRST6 cells and primary Th2 cells (Fig. 2A) ; as expected, when Th1 cells were used, most cells died at the surface of the galectin-9-coated Matrigel. Galectin-9-enhanced migration was phenocopied by replacing galectin-9 with 2-mercaptoethanol in Matrigel, indicating that altering cell surface redox status was sufficient to increase migration (Fig. 2B) . Importantly, though galectin-9 is chemotactic for eosinophils (26), we observed no increase in Tcell migration if galectin-9 was only added to the lower chamber (Fig. 2C) .
Increased migration of PhaRST6 and primary Th2 cells was PDI dependent, as the effect was reversed by inclusion of anti-PDI antibody in the matrix and by bacitracin, an inhibitor of PDI enzymatic activity (5, 7, 27) (Fig. 3 A and C) . Cell-impermeable thiol scavengers tocinoic acid and 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) also reversed the galectin-9-mediated increase in PharST6 and Th2 cell migration ( Fig. 3 B and D) . Our data demonstrate that galectin-9 directly enhances T-cell migration through matrix by binding to cell surface PDI to retain PDI and thus increase PDI disulfide reductase activity at the plasma membrane.
PDI-Associated CD61 Promotes T-Cell Migration Enhanced by
Galectin-9. PDI regulates the function of several integrins, including β1, β2, and β3, by reducing disulfide bonds to convert integrins into a high-affinity conformation (7, 28, 29) . β3 integrins regulate platelet adhesion; β3 is also known as CD61, and on platelets, PDI reduces disulfide bonds in CD61 to promote binding to ligands (7, 28) . CD61 expression has also been reported on specific T-cell subsets (30) (31) (32) (33) (34) . We confirmed that PhaRST6 and primary Th2 cells express cell surface CD61 (Fig.  4 A and B) , and that PDI associates with CD61, as PDI specifically coimmunoprecipitated with CD61 from membrane extracts of PhaRST6 and Th2 cells (Fig. 4 A and B) . Antibody to CD61 reversed galectin-9 enhancement of PhaRST6 and Th2 cell migration through Matrigel (Fig. 4C) . We did not identify CD61 as a T-cell receptor for galectin-9 in our affinity purification (Fig.  1) ; thus, we propose that galectin-9 enhances T-cell migration by Fig. 2 . Galectin-9 enhances Th2 and PhaRST6 T-cell migration. (A) Migration of PhaRST6 and Th2 through Matrigel was enhanced by galectin-9 in a dose-dependent fashion. (B) Increased T-cell migration was phenocopied by inclusion of 2-ME (6 mM) in Matrigel. (C) Migration of PhaRST6 cells through Matrigel was only enhanced when galectin-9 was added directly to Matrigel, but not when 0.1 μM galectin-9 was added to the bottom well of the migration chamber. Results are mean ± SE of three experiments, each in triplicate. **P < 0.025. retaining cell surface PDI, where PDI associates with CD61 to enhance migration.
Galectin-9 Enhances HIV-1 Infection of T Cells in a PDI-Dependent
Manner. PDI enzymatic activity as a cell surface disulfide reductase is also known to promote HIV-1 infection of human T cells (5, 9, (11) (12) (13) . We asked if galectin-9 would enhance HIV-1 entry into target cells in a PDI-dependent manner. Galectin-9 increased abundance of PDI on Jurkat T cells in a dose-and time-dependent manner ( Fig. 5 A and B) . We infected Jurkat cells with high or low viral inocula in the presence or absence of galectin-9, and determined viral infectivity. Galectin-9 increased viral infectivity by two-to threefold at high viral inoculum and by four-to sixfold at low viral inoculum; enhancement was PDI dependent, as addition of bacitracin reversed the galectin-9 effect (Fig. 5C) . Similar results were obtained with CEM T cells (Fig. S2) . Galectin-1 was used as a positive control, because galectin-1 is known to enhance HIV infectivity by directly increasing viral attachment to cell surface receptors (35) . Significantly, galectin-1 enhancement was maximal by 15 min, in contrast to the 2 h required for comparable galectin-9 enhancement (Fig. 5D) , underscoring the qualitatively different modes of enhancement of galectin-9 and galectin-1.
To confirm that galectin-9 enhanced HIV infection at the level of virus entry, HIV infectivity was measured by quantitative PCR (qPCR) for early reverse transcriptase (RT) products 6-8 h postinfection. Viral entry was enhanced by the addition of galectin-9 in a PDI-dependent manner, because enhancement was reversed by PDI inhibitors and thiol scavengers (Fig. 5E); this enhancement was even more marked than that measured by p24 staining (Fig. 5C ). This finding is consistent with the known role of PDI in catalyzing disulfide bond rearrangements in the HIV envelope glycoprotein that are required for productive membrane fusion and viral entry (5, 9, 11, 12) . Thus, galectin-9-mediated stabilization of PDI activity at the cell surface enhances HIV infection, an effect that may have implications for in vivo HIV spread and pathogenesis (36) .
Discussion
We report a unique function for galectin-9 in regulating the cell surface redox environment to influence both T-cell migration and infection by HIV. The pleiotropic effects of galectins have been noted in a number of systems; whereas galectins affect many cellular processes, different effects result from a specific galectin binding to a specific set of glycoprotein receptors that directly regulate specific events, such as TCR or growth factor receptor signaling (16, 19, 20) . Importantly, though galectin-9 can be detected intracellularly in many cell types, galectin-9 is secreted and binds back to the surface of T cells and endothelial cells in a carbohydrate-dependent manner (37, 38) (Fig. S1G) . Thus, galectin-9 binding to PDI at the plasma membrane may influence many T-cell events regulated by the redox status of cell surface glycoproteins that associate with PDI, such as CD61 or ADAM17 (7, 28, 39) . Additionally, lymphocyte cell surface-associated PDI has a well-documented role in catalyzing disulfide bond rearrangements in HIV envelope glycoproteins (gp120/41) that promote virus-cell membrane fusion and viral entry (13) . Indeed, PDI inhibitors are being studied as a potential new class of host-targeted anti-HIV therapeutics (40) . Though some PDI substrates, such as CD61 and HIV gp120, have been identified, the full repertoire of cell surface proteins that may be modified by PDI is not known. This work identifies PDI as a cell surface receptor for galectin-9, and reveals the biological relevance of galectin-9/PDI interactions by demonstrating that galectin-9 binding can increase endogenous PDI activity to enhance integrinmediated migration and augment HIV infection of T cells.
The different effects of galectin-9 on Th2 vs. Th1 cells are striking. Galectin-9 kills Th1 cells (18) , but regulates migration of Th2 cells; the responses of Th2 vs. Th1 cells can be explained by differential expression of glycoprotein receptors as well as specific glycans. We found that N-glycans are required for galectin-9-mediated cell death (17) , and that blocking N-glycan termini with α2,6-linked sialic acid, a glycan structure that is abundant on Th2 cells (Fig. 1E) (24) , abrogated galectin-9 T-cell death (17) . On PDI, galectin-9 appears to bind to O-glycans ( Fig.  1 H and I) ; PDI has no canonical N-glycosylation sites, and, though the O-glycosylation status of PDI has not been previously described, reactivity with the lectin PNA indicates that PDI bears O-glycans. In addition, blocking O-glycan elongation with benzyl-α-GalNAc abolished the galectin-9-mediated increase in cell surface PDI. In addition to α2,6-linked sialic acid, both PDI and CD61, a PDI substrate, are also abundant on Th2 cells (Figs. 1E and 4B) . Thus, specific glycosylation of specific glycoprotein receptors that differ in expression between Th2 and Th1 cells accounts for the different effects of galectin-9 on these two populations.
Galectin-9 is highly expressed by leukocytes, fibroblasts, and endothelial cells in inflamed tissues (14, 15, 27, 38) . Increased galectin-9 expression in inflamed tissues may dynamically regulate the redox environment on the T-cell surface in vivo and affect T-cell function. Importantly, the amount of galectin-9 required for these effects may be relatively modest, as we observed effects on T-cell migrations at nanomolar concentrations of galectin-9 (Fig. 2) ; the potency of galectin-9 may result from the ability of this tandem repeat galectin to form multivalent oligomers (41) . That galectin-9 promotes Th2 cell migration while killing Th1 cells suggests that galectin-9 expression will be of particular significance in disease mediated by Th2-type immune responses, such as asthma (23); galectin-9 expression is increased in lungs of mice in a model of allergic airway disease, and galectin-9 is also a chemokine for eosinophils (27, 42) . Suppressing local expression of galectin-9 may be an approach to mitigate inflammation and tissue damage in asthma. Similarly, reducing local expression of galectin-9 in genital mucosa may reduce infection of T cells with HIV. The mechanism by which we propose that this effect occurs, i.e., creation of a galectinglycoprotein lattice to retain PDI on the plasma membrane, has been demonstrated in a number of other cell types, with specific galectins, including galectin-9, retaining specific glycoprotein receptors (16, 19, 20, 43, 44) . Identification of PDI as a T-cell glycoprotein receptor for galectin-9 reveals a unique mechanism for galectin lattices to regulate a variety of critical T-cell functions by controlling redox status at the cell surface.
Materials and Methods
Cells and Reagents. CEM, Jurkat E6-1, and PhaR2.1 cells stably transfected with ST6Gal I-expressing vector (PhaRST6) were maintained as in Bi et al. (17) . Recombinant galectin-1 and galectin-9M (medium length linker) were prepared as described (17, 45) . See SI Materials and Methods for reagents and suppliers.
Identification of Galectin-9 Binding Proteins by Affinity Chromatography. Galectin-9-binding proteins from CEM T cells were isolated and identified as in Stillman et al. (22) with minor modifications (SI Materials and Methods).
Immunoblotting and Immunoprecipitation. A 10-μg elute from galectin-9 affinity matrix was separated by SDS/PAGE, transferred to nitrocellulose, and probed with PDI mAb. For immunoprecipitation with galectin-9, lysates of biotinylated PhaRST6 cells were used as described in SI Materials and Methods. For lectin precipitation, 10 7 Jurkat E6-1 cells were solubilized, and 50 μg of biotinylated peanut agglutinin was added with streptavidin agarose beads overnight at 4°C. Precipitates were probed with anti-PDI mAb RL77 and RL90. For CD61 precipitation, PhaRST6 cells and human Th2 cells were precipitated with 2 μL of hamster anti-mouse CD61 mAb or mouse antihuman CD61 mAb, respectively, or relevant IgG control, and precipitates were probed with anti-PDI mAb RL77.
Detection of Cell Surface Galectin-9. A total of 10 6 PhaRST6 cells were blocked with 1% biotinylated BSA in PBS at 4°C for 30 min, washed, and labeled with 0.1 μM biotinylated galectin-9 with or without 100 mM lactose, followed by 0.1 μg streptavidin-PE. To detect endogenous cell surface galectin- Galectin-9 enhancement of HIV infection differs from galectin-1. Infection was performed as in C, except that viral entry was quantified by qPCR of early RT products at 6-8 h postinfection. Early RT products were normalized to β-actin levels for each condition, and the number of early RT products in the absence of galectin-9 was set at 1. Galectin-9 enhancement of HIV infection increases over 2 h, the same timeframe in which cell surface PDI increase is seen (B). Galectin-1 enhancement of HIV infection is optimal at 15 min. Results are shown as fold enhancement over HIV-1 alone. (E) Galectin-9 enhancement of HIV infection requires PDI activity. Infection of Jurkat cells was performed as in D using 5 ng (p24 equivalent) of viral inoculum. Results are shown as fold enhancement over HIV-1 alone. Striped bar, no galectin-9; solid bars, 0.1 μM galectin-9; B, 3 mM bacitracin; P, anti-PDI mAB RL77 1:3000; D, 0.01 mM DTNB; T, 0.03 mM tocinoic acid; C, DMSO as vehicle control. Results are mean ± SE of three to five replicate experiments, each done in duplicate.
